The past decade has seen a sharp increase in the diagnosis and treatment of pediatric anterior cruciate ligament (ACL) injuries, and there is increasing interest in acute ACL reconstruction in this patient population. 5, 25, 27, 39 Many techniques have been described for ACL reconstruction in skeletally immature patients. 6, 9, 28 Transphyseal ACL reconstruction involves drilling bone tunnels across an open physis and fixing a soft tissue graft away from the physis. Although multiple case series have noted transphyseal ACL reconstruction to be safe and effective, 3, 4, 8, 12, 20, 21, 33 some animal studies have described limb shortening, deformity, and growth arrest after transphyseal tunnel placement, especially in relatively large tunnels and tunnels placed eccentrically through the physis. 7, 10, 11, 26 Clinically, some authors have also noted cases of growth arrest after transphyseal ACL reconstruction. 19, 22, 35 Most published series that note low rates of growth disturbance with transphyseal ACL reconstruction utilize a transtibial drilling technique and have vertically oriented femoral tunnels. 3, 4, 8, 12, 17, 20, 21, 33 Recent literature has suggested that oblique, anatomically placed femoral tunnels more accurately restore normal knee biomechanics, particularly with simulated Lachman and pivot-shift testing. 1, 15, 28, 37, 38 Many surgeons are therefore choosing independent femoral tunnel drilling techniques to achieve a more anatomic graft placement and thus are creating more obliquely oriented tunnels. However, in skeletally immature patients, utilizing an independent drilling technique may result in the femoral tunnel being placed more eccentrically across the distal femoral physis, exiting closer to the perichondrial ring, and potentially drilling across a larger area of the physis, thus increasing the potential risk of physeal damage. 34 The purpose of this study was to evaluate differences in the radiographic pattern of physeal involvement in a cohort of pediatric patients who underwent transphyseal ACL reconstruction utilizing 2 different femoral tunnel drilling techniques: transtibial or independent. We hypothesized that tunnels created via an independent femoral drilling technique would be more obliquely oriented and more eccentrically placed across the distal femoral physis compared with the transtibial technique. Additionally, we hypothesized that the estimated percentage of the distal femoral physeal area involved would be greater in more obliquely oriented tunnels compared with vertical tunnels.
METHODS

Inclusion Criteria
This study was approved by the institutional review board at our institution. All patients aged between 10 and 15 years who underwent ACL reconstruction at a large, urban, tertiary-care children's hospital from May 2009 to June 2011 were identified. There were a total of 108 ACL reconstructions performed in this age group, with 102 reconstructions performed utilizing a transphyseal technique. During this period, the preferred surgical technique for transphyseal ACL reconstruction at our institution evolved from transtibial to independent femoral tunnel drilling. Patients were included if they (1) underwent transphyseal ACL reconstruction utilizing an outside-in, independent femoral tunnel drilling technique; (2) had preoperative magnetic resonance imaging (MRI) and 3-month postoperative plain radiographs (per our normal postoperative protocol); and (3) had not undergone prior ACL reconstruction. Ten patients met the inclusion criteria and were subsequently matched by age (chronologic) and sex with a cohort of patients who underwent transtibial femoral tunnel drilling during the same time period. Graft fixation differed between the 2 cohorts. Crosspin fixation was used for the transtibial tunnel cohort and suspensory fixation was used for the independent tunnel cohort.
Data Collection
Demographic characteristics, including age and sex, were collected. Information regarding patient surgery was recorded with particular attention paid to surgical reconstruction technique, method of femoral tunnel creation, and femoral drill/reamer diameters.
All radiographic measurements were analyzed utilizing iSite Enterprise PACS software (Philips) and were measured by 1 blinded study investigator (N.L.; although true blinding was difficult because of different fixation methods used between the 2 cohorts). Preoperative baseline MRI was utilized to determine the estimated total crosssectional area of the femoral physis for each patient. This was accomplished by tracing a custom region of interest (ROI) along the physeal border of axial images. Postoperative plain radiographs were then used to measure the width (anteroposterior [AP] films) and length (lateral films) of the portion of physis that was removed via the formation of the femoral tunnel. The estimated area of physis removed was calculated utilizing the geometric equation for area of an ellipse (pÁaÁb, where a is the length of the semi-major axis and b is the length of the semi-minor axis). The percentage of the total physeal area removed was subsequently calculated. Additional data including the angle of the femoral tunnel (relative to the femoral condyles) and location of the center of the femoral tunnel (to estimate tunnel eccentricity) were collected ( Figure 1 ).
Statistical Analysis
Percentage of total estimated physeal area removed, femoral tunnel angles, and medial/lateral location of the femoral tunnel at the level of the physis were compared between the transtibial and independent tunnel groups using independent-samples Student's t tests. After ensuring data normality, the Pearson correlation coefficient was used to characterize the relationship between femoral tunnel angle and estimated percentage area of femoral physeal involvement. All statistical analyses were performed using SPSS Statistics 22 (IBM Corp). All comparative analyses were 2-tailed, and statistical significance was set at P < .05. Because this study used all available patients, an a priori power analysis was not appropriate and therefore not performed.
RESULTS
Ten patients who underwent independent femoral tunnel drilling were age-and sex-matched with a cohort of 10 patients who underwent transtibial drilling. The mean age of the patients at the time of surgery was similar in both groups (14.65 ± 0.75 years for the transtibial group, 14.72 ± 0.77 years for the independent group; P ¼ .92). There were 5 males and 5 females in each group. The mean knee size was also roughly the same, with a mean physeal area of 34.04 ± 3.60 cm 2 in the transtibial group and 33.4 ± 3.62 cm 2 in the independent group (P ¼ .38). The mean size of the femoral reamer used to create the tunnel measured 9.1 ± 0.81 mm in the transtibial group and 9.2 ± 0.85 mm in the independent cohort (P ¼ .92).
Femoral tunnels drilled with a transtibial technique were more vertical than tunnels drilled with an independent technique; the angle relative to the transcondylar axis was 72.8 versus 32.1 , respectively (P < .001). The measured width of the tunnel at the level of the physis on the AP radiograph was significantly smaller in the transtibial tunnel group compared with those drilled using an independent technique (1.08 vs 1.91 cm; P < .001). The measured length of the tunnel across the physis on the lateral radiograph was not significantly different in the transtibial group compared with the independent tunnel group (0.85 vs 1.07 cm; P ¼ .139). The estimated area of physeal involvement was calculated and compared with the area of the physis from the preoperative MRI to estimate the percentage of physeal disruption. The mean estimated total area of physeal disruption was significantly smaller in the transtibial group compared with the independent tunnel group (0.74 vs 1.64 cm 2 , respectively; P < .001). The estimated mean percentage area of physeal disruption was also significantly smaller in the transtibial group compared with the independent group (2.11% vs 4.93%, respectively; P < .001). Table 1 summarizes the anatomic measurements.
To assess the eccentricity in the location of the femoral tunnel at the level of the physis, the medial/lateral location of the femoral tunnel was calculated. The transtibial tunnels were more centrally located than the independently drilled tunnels (36.1 vs 24.2 mm from lateral cortex; P ¼ .001).
More horizontal tunnels were associated with greater estimated percentage area of physeal disruption. There was a significant inverse correlation between femoral tunnel drill angle and estimated area of femoral physeal involvement (r ¼ -0.8255, Pearson correlation coefficient; P ¼ .003) (Figure 2 ).
DISCUSSION
The optimal technique for surgically treating ACL tears in the skeletally immature population continues to be controversial, and the potential for physeal damage, which may result in growth arrest and/or subsequent deformity, remains a concern. 10, 23 Alternative reconstruction techniques, such as all-epiphyseal ACL reconstruction, in which the physes are theoretically not compromised by drilling, have been developed to address some of these concerns. 2, 24 However, ACL reconstruction utilizing transphyseal tunnels with a soft tissue graft remains a commonly used approach. Most studies demonstrating the safety and efficacy of transphyseal ACL reconstruction have utilized femoral tunnels drilled across the distal femoral physis via a transtibial drilling technique. 3, 4, 8, 12, 17, 18, 20, 21, 33 Recent literature has suggested that independent femoral tunnel drilling may allow for more anatomic placement of the graft within the native ACL footprint and thus more accurately The Orthopaedic Journal of Sports Medicine Transphyseal ACL Femoral Tunnel Drilling 3 restore normal knee biomechanics compared with transtibial drilling techniques. Because of this, many surgeons have adopted independent femoral tunnel drilling. The main finding in this study is that transphyseal ACL reconstruction performed with an independent drilling technique was associated with significantly greater estimated damage to the physis and more eccentrically placed tunnels compared with transtibial techniques. Prior studies examining transtibial versus independent femoral tunnel drilling in adults have also noted differences in the morphology of the femoral tunnel. Osti et al 31 examined 100 patients undergoing single-bundle ACL reconstruction utilizing transtibial (TT), anteromedial (AM), or outside-in (OI) femoral tunnel drilling. The authors found that OI drilling produced more oblique femoral tunnel orientations compared with the TT technique. Tasdemir et al 40 retrospectively reviewed 44 adult patients who had undergone ACL reconstruction using either an AM or a TT femoral tunnel drilling technique. While the authors used a slightly different method of estimating the femoral tunnel angle compared with the current investigation, they also showed significant differences in tunnel obliquity between independent and transtibial tunnel drilling. Using adult cadavers, Tompkins et al 41 showed that femoral tunnels drilled with an independent anteromedial portal technique were more ''horizontal'' in the coronal plane (relative to the tibial plateau) than tunnels drilled via a transtibial technique (42.1 vs 60.9 , respectively; P < .001). Prior studies have estimated the potential for physeal injury during ACL reconstruction in skeletally immature patients utilizing computer-modeling techniques. Shea et al 34 examined 3-dimensional (3D) MRI scans of 10 pediatric knees and estimated the volume of physeal injury after simulated drilling of various diameter tunnels. The authors showed that the mean estimated percentage of distal femoral physeal involvement was 5.40% with a simulated 9-mm-diameter drill, and although they simulated drilling an independent anteromedial tunnel, the authors did not investigate the effect of altering tunnel angle via various femoral tunnel drilling techniques. Kercher et al 16 also used 3D modeling of the distal femoral and proximal tibial physes to estimate the mean volume of physis removed after simulated transphyseal tunnel drilling. The authors simulated ACL tunnel drilling in 3D MRI models of 31 skeletally immature patients to estimate the volume of physis removed relative to graft diameter as well as tunnel trajectory (ie, angle). In addition to increased graft diameter, the authors found that decreasing tunnel drill angle within the proximal tibia was associated with an increased amount of tibial physis removed; however, they did not examine tunnel drill angle related to the amount of distal femoral physis removed. Kachmar et al 14 compared transtibial and anteromedial surgical techniques during transphyseal ACL reconstruction utilizing 3D MRI in simulated patients. Similar to the present study, the authors found that independent (anteromedial) tunnel drilling was more likely to remove a larger volume of physis as well as violate the physis at a more eccentric location (more lateral). 14 Osier et al 30 used computed tomography scans to compare distal femoral physeal scar defects between independent and transtibial femoral tunnel drilling in 10 adult cadaveric knees (5 each group). The authors found that independent tunnel drilling created larger and more lateral tunnel defects at the level of the physeal scar compared with transtibial drilling.
Thus, while computer and cadaveric modeling has suggested that more horizontal tunnels may remove more physeal tissue, to the authors' knowledge, this relationship has not been studied in a clinical cohort. The results presented in this study demonstrate that transphyseal femoral tunnels created with an independent technique create tunnels that are more oblique and thus may affect a greater percentage of physeal area than those drilled more vertically via a transtibial approach. In animal models, larger areas of physeal damage (>7% total area) may be associated with increased risk of growth disturbance. 13, 26, 36 In this study, we found that the estimated percentage of distal femoral physeal area involvement was inversely correlated with the femoral tunnel drill angle (see Figure 2) . Although only 1 patient in our series had a >7% area of estimated physeal damage, because of the findings of this study, the authors suggest that surgeons exercise caution when creating obliquely oriented, transphyseal femoral tunnels in skeletally immature patients. Alternatively, femoral physeal injury with an all-epiphyseal technique has been shown to be minimal and may offer another way to minimize damage to the physis. 29 In the absence of long-term clinical data evaluating the relationship between tunnel diameter/ inclination angle and distal femoral physeal growth disturbance, these data would suggest that when performing transphyseal ACL reconstruction, surgeons should consider using drilling techniques that minimize the obliquity Figure 2 . Scatterplot depicting the relationship between the drill angle of the femoral tunnel (x-axis) and estimated percentage of physeal area that was removed (y-axis). There was a significant inverse correlation between femoral tunnel drill angle and estimated area of femoral physeal involvement (r ¼ -0.8255, P ¼ .003).
of the femoral tunnel as it is drilled across the physis, for example, drilling more vertical tunnels via an independent outside-in technique.
The other major difference with more oblique femoral tunnels is the eccentricity of the potential physeal damage. Tunnels that were drilled using an independent technique were significantly more eccentrically located compared with those drilled via a transtibial technique (see Table  1 ). This may have implications in patients with significant growth remaining since eccentrically placed drill holes within the femoral (or tibial) physes are known to have increased risk of growth arrest and/or development of angular deformity.
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Limitations
This investigation has several limitations. Other studies have used 3D computer modeling to accurately calculate physeal damage during simulated ACL reconstruction. However, our study utilized 2-dimensional and axial imaging only and thus should be interpreted as an estimate of physeal damage. While computer modeling may provide a more precise approximation of physeal involvement, modeling is performed on ''ideal'' tunnels and not on the real-life application of a technique. We also used a single observer to obtain measurements, and while the observer was blinded to the surgical technique used, inherent differences in postsurgical radiographs had the potential to bias measurements. Although the methods used in the current study are likely less accurate than would be possible with postoperative 3D imaging, they were measured in a clinical cohort, utilized techniques that are readily available in the clinical setting, and thus may confirm the results from prior simulation studies.
This study was a retrospective review and may be affected by selection bias. However, we strictly defined our patient cohort and included all skeletally immature patients who underwent transphyseal ACL reconstruction during a specified time period via an independent femoral tunnel drilling technique. These patients were then age-and sex-matched with those who underwent transtibial drilling during the same time period to provide a matched cohort for comparison. This study also examines a relatively small cohort of patients but did not suffer from lack of power as evidenced by the statistical significance of our primary and secondary outcomes. With these positive findings, there could not have been a type II error, which would be a concern of any study that is potentially underpowered.
The independent tunnel cohort examined in this study represented our institution's early experience with independent tunnel drilling. In this study, it is important to note that independent tunnel drilling was essentially a marker for horizontal tunnel orientation. Based on these data, we cannot advocate for or against a particular technique of femoral tunnel drilling (independent vs transtibial) during pediatric transphyseal ACL reconstruction. Whether there is a difference in clinical outcomes or growth disturbance between the 2 techniques was not investigated in this study. Rather, we estimate that tunnels drilled at greater angles relative to the transcondylar axis of the femur involve less area of the distal femoral physis. This can be true regardless of drilling technique. Relatively vertical tunnels can be created using an independent drilling technique and relatively horizontal tunnels can be created with modified transtibial techniques. Therefore, the results of this study confirm previous findings that obliquely drilled transphyseal tunnels may involve a greater area of physis and that surgeons should be aware of this during transphyseal ACL reconstruction regardless of femoral tunnel drilling technique.
CONCLUSION
Transphyseal ACL reconstruction is an accepted reconstruction technique for skeletally immature patients with minimal remaining growth and has been shown to be both safe and effective. The safety of this technique, however, is predicated on the fact that the femoral tunnel is vertically oriented, and most descriptions of transphyseal ACL reconstruction have utilized a transtibial approach to femoral tunnel drilling. Compared with transtibial femoral tunnel drilling, independent tunnel drilling techniques create more oblique femoral tunnels. Surgeons should be aware that increased tunnel obliquity is associated with greater area of physeal disruption and more eccentrically placed tunnels at the level of the physis. Femoral tunnel obliquity should therefore be minimized as much as possible to limit physeal disruption during transphyseal ACL reconstruction.
